Starobinsky model, which has a Ricci scalar squared term R 2 in its action, is one of the most promising inflation models from the viewpoint of Cosmic Microwave Background observations. However, it is well known that observational predictions of this model are quite sensitive to the existence of R m (2 < m) terms, whose absence is just assumed. In this paper, we clarify that the observational predictions of D-dimensional (4 < D) extended Starobinsky model are less sensitive to such terms than those of the original 4-dimensional model.This result make it easier to construct Starobinsky-like models in higher dimensions. *
I. INTRODUCTION
Cosmological inflation [1] [2] [3] has become a more and more attractive paradigm of cosmology. It can solve initial problems in standard Big Bang cosmology, such as the horizon problem and the flatness problem. In addition, primordial fluctuations, which are seeds of both the large-scale structure of the universe and anisotropy of Cosmic Microwave Background (CMB), can also arise during inflation. Furthermore, along with the recent great progress of cosmological observations, it has become possible to judge which inflation model is favored by the CMB observations [4, 5] .
Starobinsky model [1] is one of the most promising inflation because its predictions fall into the center of CMB observational constraints [5] . A distinctive feature of Starobinsky model which we have to remark is that it contains Ricci curvature squared term in the action;
where M P is 4-dimensional Planck mass and M is a parameter which has mass dimension 1. Although it is important to investigate the origin of the higher curvature term for high energy physics, however, the origin is still unknown. One interesting direction to unravel it is to regard such higher curvature term as a part of an effective action of high energy physics.
For instance, a gravity part of string/M theory effective action is expected to appear as follows (see [6] and references with in);
where M (D) is D-dimensional Planck mass and L (m) denotes a part of Lagrangian which contains m-th order curvature. Note that L (m) is not Lovelock Lagrangian [7] in general, hence whether or not ghost modes [8] arise from higher derivative terms in the model greatly depends on the detailed form of L (m) . In the case when models contain the ghost modes, it is said that such models are unstable and physically unacceptable.
Therefore, we will consider the following model instead of Eq.(2) in this paper since it is well known that the action which contains only Ricci scalar curvature has no ghost mode;
where λ m is a dimensionless parameter and M is a mass scale above which higher curvature effects become important. The D-dimensional action (3) can be considered as a higher-dimensional generalization of the Starobinsky action Eq.(1), including higher curvature terms, λ m R m /mM 2m−2 (2 < m).
In Ref. [11] , the author added a λR m /mM 2m−2 (2 < m) term to 4-dimensional Starobinsky action (1) and estimated its effects on observational predictions. Then they obtained severe constraints on λ from CMB observations, which require a large hierarchy between a R 2 term and other higher curvature terms. This hierarchy makes it difficult to consider the high energy origin of the Starobinsky action. On the other hand, in Refs. [13] [14] [15] , the authors extended the Starobinsky model to a D-dimensional one. In those papers, they considered R+R n /nM 2n−2 models in D-dimensions and concluded D = 2n model can cause the inflation whose prediction fits current CMB observations.
In the present paper, we combine the ideas of the previous papers, i.e., we consider
and estimate the effects of the λR m /mM 2m−2 term on observational predictions analytically and numerically.
As a result, we find out that constraints on λ, i.e., the hierarchy among the higher curvature terms is relaxed compared with the original 4-dimensional model. This paper is organized as follows. In Section 2, a review of Starobinsky model and its higher-dimensional extension is given. Although most parts of this section are reviews of previous papers, a discussion on D = 2n model has a novelty. Section 3 is the main body of this paper. In this section we clarify the relaxation of hierarchy in higher-dimensional extend Starobinsky model analytically and numerically. Section 4 is devoted to the summary and discussion. Some detailed calculations are shown in Appendix..
Note that in this paper we use natural unit = c = 1. The sign convention of the mtirc is chosen as (−, +, +, +, · · · ) and the Ricci tensor is defined as R µν = R ρ µρν .
II. STAROBINSKY MODEL AND ITS HIGHER-DIMENSIONAL EXTENSION
In this section, we briefly review Starobinsky model and its higher-dimensional extensions.
Possibility of this extensions is originally pointed out in the early days of F(R) gravity [9, 10] and recently a more detailed discussion, including compactification of extra dimensions, is proposed [13] [14] [15] .
A. 4-dimensional Starobinsky model
As we mentioned in Introduction, Starobinsky model has a curvature squared term in its action, instead of a scalar degree of freedom, in addition to Einstein-Hilbert action:
From the observation of CMB power spectrum, one must tune the parameter M ∼ O(10 −5 )× M P . Of cause, this is also a kind of hierarchy but it is not an aim of this paper. We will come back, however, to this point in the summary and discussion section.
Starobinsky model is included in F (R) gravity theories (see Ref. [22] for a review 
where µ, ν runs 4-dimensional spacetime. This action, which is often called dual form of
Starobinsky action, has Einstein-Hilbert term and a scalar field which has canonical kinetic term and extremely flat scalar potential. This scalar field φ represents the higher degree of freedom and is called "scalaron". This shape of scalar potential predicts the following spectral index n s and tensor-to-scalar ratio r, if one identifies this scalaron as inflaton:
where · · · denotes higher order contributions of slow-roll parameters, which we neglect here,
and N e is e-folding number between horizon crossing and inflation end (N e = 50 ∼ 60). This prediction nicely fits Planck2018 result [5] .
B. D-dimensional Starobinsky model
Recently higher-dimensional extensions of Starobinsky model have been discussed by some researchers, motivated by higher dimensional models of high energy physics. In this subsection, we review D-dimensional extensions of Starobinsky model. First, let us consider models whose actions are
where M (D) is D-dimensional Planck scale and n is an arbitrary integer at this stage. As with 4-dimensional Starobinsky model in the previous subsection, one can recast this actions into dual forms (see the Appendix for the details),
where A, B runs D-dimensional spacetime andφ represents a higher derivative degree of freedom. For the scalar potential to be real,φ must take positive value if n is odd. In previous researches [14, 15] , the authors discussed compactification of D-dimensional spacetime into 4-dimensional spacetime by introducing a form field flux and obtained a 4-dimensional action.
In this paper, we just assume the following 4-dimensional actions for simplicity:
where we neglect dilaton and Kaluza-Klein vector and assume that all fields depend only
The scalar potentials of Eq. (9) 
)φ at large field region (1 ≪φ). One can thus obtain the following extremely flat scalar potential if D = 2n:
In n = 2 case, this scalar potential reproduces Starobinsky potential (5). Therefore we call a model with D = 2n as D-dimensional Starobinsky model. The fact that Eq.(9) has a flat scalar potential in D = 2n can be confirmed explicitly by drawing the scalar potential ( Fig.1) . The potential predicts the following spectral index n s and tensor-to-scalar ratio r:
where · · · denotes higher order contributions of slow-roll parameters, which we neglect here. As with 4-dimensional Starobinsky model, the predictions nicely fit Planck2018 results (9) with (D, n) = (6, 2), (6, 3), (6, 4) . Here ( Fig.2) . A difference of dimensions appears only in tensor-to-scalar ratio r at leading order of slow-roll parameters. This difference may be detected in future observations.
One might think inflation successfully works even when D = 2n. However we found that all of D = 2n inflation models in 4 ≤ D ≤ 10 are rejected by constraints from Planck2018 results [5] (Fig.3) . This is generalization of the fact that 4-dimensional
inflation models does not fit the observations [19, 20] . term to D-dimensional Starobinsky model. In this section, we will consider the following models:
where D = 2n, m = n and λ is a dimensionless parameter. In the following section, we will discuss λ dependence on spectral index n s and tensor-to-scalar ratio r when we vary dimensions of spacetime D and power of Ricci scalar in additional term m. Also we will estimate allowed range of λ in various D and m from Planck2018 results.
A. Analytical approach
In this subsection, we will discuss λ dependence on n s and r in analytical approach. We will extend 4-dimensional method used in previous research [11] . First, we rewrite Eq. (12) into dual form (see the appendix for the details),
Here and χ is a solution of the equation below:
As with previous section, we assume the following 4-dimensional actions:
Thus we have to solve Eq. (14) to obtain the potentials. However it is difficult to solve the equation for general values of n and m. Thus we use successive iteration to calculate the approximate solution of Eq. (14) , assuming that λ is sufficiently small,
We assume |λ(e αφ − 1) m−n n−1 | ≪ 1 as a condition for convergence of the series. Substituting
Eq. (16) into Eq. (15), we obtain the following potential,
where V 0 is D-dimensional Starobinsky potential Eq.(10) and λδV is a leading correction derived from the additional term λR m /mM 2m−2 . From the shape of the correction term,
we can find that if m > n, the potential Eq.(17) becomes close to V 0 at large field region.
On the other hands, we can see that if m < n, the correction term becomes large at large field region and perturbation condition for successive iteration will be broken at sufficiently large field region. Also the correction term pushes the potential lower (upper) when λ > 0 Here we set M = 7.2 × 10 −6 M P (λ < 0). The above statements can be confirmed explicitly by drawing the potential shape (Fig.4) .
From here on, we will discuss inflation using approximate potential Eq.(17), assuming 1 ≪ φ but |λe m−n n−1 αφ | ≪ 1 region. Potential slow-roll parameters can be evaluated as follows:
Also the e-folding number can be evaluated as follows: (17) has maximum value at the field value (see Fig.4 ). Such divergence of e-folding number also appears in hilltop type inflation models [21] .
For further calculation, we assume |λe 
+O (λN
Note that |λe (21), we can obtain the following spectral index n s and tensor-to-scalar ratio r:
where · · · denotes higher order contributions of the slow-roll parameters we neglect here. 
These expressions reproduce the results of previous research when n = 2. Note that although we considered only a single additional term to D-dimensional Starobinsky action, one can expect that if we consider a number of additional terms like m =n λ m R m /mM 2m−2 , these contributions appear as linear sum of Eq.(24)(25) at leading order.
From Eqs. (24)(25), we can realize the following facts immediately.
• The sign of λ(m − n) determines the sign of δn s and δr. • n and m determine the power of N e in δn s and δr. For further consideration, we set m = n + 1 to simplify Eq. (24)(25),
From Eqs. (26)(27), we can realize that the leading term of variations δn s and δr becomes smaller as we consider larger n (i.e. larger D because D = 2n). Considering that λ is restricted by Planck2018 observational constraints of n s and r, this imply that the restriction of λ can be relaxed in higher-dimensional Starobinsky model.
B. Numerical approach
In this subsection, we will calculate n s and r numerically and obtain a constraint of λ form CMB observation. The scheme of the numerical calculation is summarized as follows.
(i) Find a solution χ (k) of Eq. (14) by k times successive iteration. Here we assume |λ(e αφ −
1)
m−n n−1 | < 1 for convergence of a series of the solution.
(ii) Calculate spectral index n (k) s and tensor-to-scalar ratio r (k) by using the solution χ (k) .
Here we do NOT make any assumption like 1 ≪ φ or |λe
s and r (k) satisfy the following conditions, otherwise try again from (i) by increasing k:
(iv) Repeat (i)(ii)(iii) varying e-folding number N e and parameter λ.
In this calculation, we assume only |λ(e αφ − 1) Table. I shows results of the calculations. (P B) denotes that we could not obtain upper or lower bounds of λ because the perturbation is broken (we performed the calculation until k = 100 as before). As dimension. This numerical results is also supported by the implication of analytical results in the previous subsection. Therefore, although we calculate only D = 4, 10 cases in this paper, one can expect that this relaxation globally happens in higher dimensions. 
IV. SUMMARY AND DISCUSSION
In higher dimension (4 < D), this hierarchy is milder than 4-dimensional one. Nevertheless there still exists a milder hierarchy. 
